BaTiO 3 nanocrystals were synthesized by sol-gel method using barium acetate (Ba(CH 3 COO) 2 ) and tetrabutyl titanate (Ti(OC 4 H 9 ) 4 ) as raw materials. Xerogel precursors and products were characterized by means of thermogravimetric/differential scanning calorimetry (TG/DSC), X-ray diffraction (XRD) and transmission electron microscope (TEM). The influence of the calcination temperature and duration on the lattice constant, the lattice distortion, and the grain size of BaTiO 3 nanocrystals was discussed based on the XRD results. The grain growth kinetics of BaTiO 3 nanocrystals during the calcination process were simulated with a conventional grain growth model which only takes into account diffusion, and an isothermal model proposed by Qu and Song, which takes into account both diffusion and surface reactions. Using these models, the pre-exponential factor and the activation energy of the rate constant were estimated. The simulation results indicate that the isothermal model is superior to the conventional one in describing the grain growth process, implying that both diffusion and surface reactions play important roles in the grain growth process.
I. INTRODUCTION
Ferroelectric bulk ceramics have found wide applications in the manufacture of electronic, acousto-optic and piezoelectric devices [1] . Barium titanate (BaTiO 3 ) has become a basic ferroelectric ceramic since the discovery of its high permittivity as a ferroelectric material in 1942 [2] . It is being widely applied in the manufacture of multilayer ceramic capacitors (MLCC), positive temperature coefficient (PTC) electronic ceramics, infrared detectors, thermistors, transducers and electro-optic devices, etc. [3] [4] [5] [6] [7] [8] . To prepare ferroelectric BaTiO 3 bulk powder and ceramics, various methods such as conventional solid state reaction [9] [10] [11] , coprecipitation [12] [13] [14] , hydrothermal [15] [16] [17] and sol-gel method [18, 19] have been used. Sol-gel method is a preferred technique in the preparation of BaTiO 3 with new compositions since there are possibilities to control the stoichiometry and homogeneity of the final products. In addition, it also offers advantages for the production of BaTiO 3 with fine grain sizes at lower temperature.
Depending on calcination temperature, BaTiO 3 can have four crystal forms: rhombohedra, orthorhombic, tetragonal and cubic [20] [21] [22] [23] . The electrical properties of BaTiO 3 strongly depend on its microstructure as well as chemical composition. A fine grain is essential to achieve optimum dielectric property [24] . Solgel method can produce nano-sized crystals. The calcination procedure is important in forming the nano-sized crystals and influences their stability in application. Therefore, a detailed study concerning grain growth kinetics during calcination is necessary to understand the grain growth behavior. In this work, we prepared BaTiO 3 using sol-gel method and investigated the influence of calcination conditions on the grain parameters. Based on the experimental results, the grain growth kinetics was simulated using a conventional diffusion model and an isothermal model that takes into account both diffusion and surface reactions.
II. EXPERIMENTS
In this study, BaTiO 3 nanocrystal powders were synthesized by sol-gel method.
Barium acetate (Ba(CH 3 COO) 2 ) and tetrabutyl titanate (Ti(OC 4 H 9 ) 4 ) were used as starting materials, acetic acid (CH 3 COOH) and alcohol were used as solvents. Ba(Ac) 2 dissolved in acetic acid was mixed with tetrabutyl titanate dissolved in alcohol with vigorous stirring at 40
• C for 1 h to form BaTiO 3 precursor. The reactions that occurred in this step can be expressed as:
Then it was gelled at room temperature for 48 h. After drying at 80
• C for 6 h, xerogel was obtained. To avoid precipitation, a small amount of glycol was added. Finally the xerogel was calcined at different temperatures to obtain BaTiO 3 powder.
The crystallization process of BaTiO 3 gel was studied with the aid of DSC/TG (German NETZSCH, STA449C), and XRD (Rigaku D/max-2550VB + pow-der diffractometer). The microstructure of the powders was examined with TEM (H-800 microscope). The grain size of BaTiO 3 nanocrystals was calculated using the Scherrer equation with the line-broadening width of (101) face [25] .
where D is the grain size, B is the line-broadening width, θ is Bragg diffraction angle, and λ is the wave length of X-ray (0.154178 nm).
III. RESULTS AND DISCUSSION

A. Characterization of BaTiO3 nanocrystals
The thermal decomposition process of the BaTiO 3 xerogel during calcination in air was studied using DSC/TG. The results are shown in Fig.1 . As can be seen from Fig.1 , the total weight loss of the xerogel from 30
• C to 1200
• C amounts to 35.1%. The decomposition process can be divided into five stages. The first stage is in the temperature range of 30-110
• C. The weight loss is about 7.2%, which can be attributed to the removal of water. In this stage an endothermic peak at about 80
• C on the DSC curve appears. The second stage is in the temperature range of 100-280
• C, the corresponding weight loss is about 2.1%, which can be attributed to the evaporation of organic solvents. On the DSC curve, no significant thermal effect was observed in the second stage. The third stage is in the temperature range of 280-450
• C. The corresponding weight loss is 17.8%, which can be attributed to the combustion of the organic materials of the framework of the xerogel. On the DSC curve, two exothermic peaks at 400 and 450
• C can be observed. The fourth stage is in the temperature range of 450-1040
• C. The corresponding weight loss is 8.1%. On the DSC curve, an exothermic peak at 740
• C and an endothermic peak at 805
• C appear due to the formation of BaTiO 3 and a phase transformation. The weight loss in this stage is probably due to the removal of carbon materials. The last stage is in the range of 1040-1200
• C, where no significant change in the weight is observed. However, an exothermic peak on the DSC curve appears, which is probably also due to a phase transformation.
XRD patterns of the product powders obtained via calcination at different conditions are shown in Fig.2 . With increasing calcination temperature from 700
• C (duration=2 h) or with increasing calcination duration from 1 h to 5 h (T = 800
• C ), the main diffraction peaks of BaTiO 3 become narrow and sharp. Figure  2(a) indicates that a calcination temperature of 800
• C is not high enough to completely convert BaCO 3 into BaTiO 3 , even if the calcination duration is prolonged to 5 h. Figure 2(b) indicates that upon calcination at 1200
• C for 2 h, the diffraction peaks of BaCO 3 disappear. This implies that thermal aging at a temperature of as high as 1200
• C is necessary for the crystallization of BaTiO 3 and the complete removal of BaCO 3 from the product.
The TEM images of BaTiO 3 nanocrystals obtained via calcination at 1000
• C for 2 h are shown in Fig.3 . The particles are well-defined crystals with an average size of 30 nm as determined from the images.
FIG. 2 XRD patterns of BaTiO3 nanocrystals (a) calcined at 800
• C for different durations and (b) calcined at different temperatures for 2 h.
nm
FIG. 3 TEM images of BaTiO3 nanocrystals calcined at 1000
• C for 2 h.
B. Lattice constant and lattice distortion of BaTiO3 nanocrystals
Depending on the calcination temperature, BaTiO 3 can have four crystal forms: rhombohedra, orthorhombic, tetragonal and cubic. Above 120
• C, the thermal stable phase is cuboctahedron, its lattice constant (a) can be calculated using the following equation [26] ,
where h, k, l are the indices of the crystallographic plane. In this study, the (101) plane of the cubocahedron BaTiO 3 is used to calculate the values of a. The effect of calcination temperature and calcination duration on the values of a is investigated. Results show that calcination temperature and duration do not have a significant influence on the lattice constant of BaTiO 3 . This implies that the lattice constant of cubocahedron BaTiO 3 can be regarded as constant during calcination. Grain recapitalization and lattice distortion are reflected by diffraction half-peak-breadth broadening in XRD patterns.
The average lattice distortion of BaTiO 3 nanocrystals vertical to the (101) plane can be estimated using the following equation [27] ,
where ε is the average lattice distortion degree vertical to (h k l) plane, D (hkl) is the average particle size, and 2ω is the half-peak-breadth after instrument correction. The estimated lattice distortion degree of BaTiO 3 nanocrystals obtained at different calcination temperatures and durations are shown in Fig.4 . Increasing the calcination temperature and duration results in a reduction of the lattice distortion degree of BaTiO 3 nanocrystals.
Upon calcination of the xerogel, BaTiO 3 nanocrystals are formed via solid phase reactions. At low temperatures, the growth of the crystal nucleus is difficult due
FIG. 4 (a) Effect of calcination temperature on the lattice distortion degree of BaTiO3 nanocrystals calcined for 2 h and (b) effect of calcination duration on the lattice distortion degree of BaTiO3 nanocrystals calcined at 800
• C.
to the slow diffusion of particles. As a consequence, crystal grains are small and there are a lot of defects on the crystalline planes. The lattice distortion is larger as well. At this stage, the grains have a larger specific surface area and a higher specific surface energy. Therefore, such powder has higher surface activity. As the calcination temperature increases, the grains grow, and their structure becomes regulated, which is driven by the dynamic force of the surface energy. At a high enough temperature, larger grains are formed with an almost perfect structure showing a small degree of lattice distortion.
C. Grain growth kinetics of BaTiO3 nanocrystals
The influence of the calcination temperature and duration on the grain size calculated using Eq.(1) is shown in Fig.5 . For a calcination duration of 2 h, the grain size increases from 24 nm to 55 nm as the temperature increases from 700
• C to 1200 • C. At 800 • C, the grain size increases from 25 nm to 32 nm as the calcination duration increases from 1 h to 5 h.
In the conventional polycrystalline model, grain growth is proposed to be controlled by atomic diffusion at the grain boundary. The grain growth rate is proportional to the radius of the curvature of the grain. The grain growth kinetics can be described as [28] ,
where D is the average grain size after annealing, D 0 is the initial grain size, k is the temperature-dependent rate constant, and n is the grain growth exponential reflecting grain growth behavior. Constant k can be expressed by the Arrhenius equation, k=Aexp(−E/RT ) with A being the pre-exponential factor, E being the activation energy, and R being the universal gas constant. Since D 0 is generally much smaller that D, Eq.(4) can be rearranged as:
Eq. (5) indicates that at a fixed calcination temperature, there is a linear relationship between lnD and lnt. For a fixed calcination duration, there is a linear relationship between lnD and 1/T . The lnD values of BaTiO 3 nanocrystals calcined at 800
• C as a function of lnt are shown in Fig.6 . The value of n obtained by regression using the least squares method is 7. With n=7, for a calcination duration of 2 h, the lnD values of BaTiO 3 nanocrystals calcined at temperatures from 800
• C as a function of 1/T are shown in Fig.7 . The value of E obtained by regression using the least squares method is 75.49 kJ/mol. In the conventional model, the driving force for the grain growth is regarded as due to the tendency of the reduction in the total grain boundary energy. However, for nanocrystal materials, the grain growth kinetics cannot be satisfactorily simulated using the conventional model. Qu and song proposed that during the grain growth process of nanocrystal materials both diffusion and surface reaction are important [29] . They suggested that the model for the simulation of the grain growth kinetics of nanocrystal materials should take into account both diffusion and surface reactions. In the model, the rate constant k was expressed as:
where δ is the partition coefficient of the diffusion. When δ=1, the grain growth is controlled by diffusion; when δ=0, the grain growth is controlled by surface reactions. For the grain growth of nanocrystal, δ is (7) can be obtained.
According to [29] , by defining a combined activation energy,Q
The relationship between D and T can be expressed by Eq. (9) for a fixed calcination duration at high temperatures.
Accordingly, the relationship of D and T in the conventional model can be expressed as:
Using the experimental data obtained at calcination temperatures from 700 • C to 1200
• C, and Eq.(10) and Eq.(11), simulations of the grain growth kinetics were performed. The results are shown in Table I and Fig.8 .
For linear regression with conventional model, the relative error is in the range of 0.0034-0.0768, the correlation coefficient is 0.9784, the standard deviation is 0.0681. For linear regression with isothermal model, the relative error is in the range of 0.0011-0.0476, the correlation coefficient is 0.9953, the standard deviation is 0.009. It is apparent that the isothermal model gives better simulation results than the conventional model does, implying that the grain growth model for the nanocrystal materials proposed by Qu and Song [29] is more close to practical grain growth process.
Using the above obtained value of n (n=7) and Eq.(9), the mixed activation energy can be estimated, Q DA =27.23 kJ/mol.
IV. CONCLUSION
BaTiO 3 nanocrystals were obtained using sol-gel method. The results of TG and DSC analyses indicate that decomposition of the xerogel proceeds via five stages. The XRD results of the BaTiO 3 nanocrystals indicate that calcination temperature and duration do not have a significant influence on the lattice constant. With increasing calcination temperature or duration, lattice distortion of BaTiO 3 nanocrystal decreases, while the grain size enlarges. The grain growth kinetics were simulated with a conventional model which takes into account only diffusion and with an isothermal model which takes into account both diffusion and surface reactions during the grain growth process. With the conventional model, a pre-exponential factor of 7 and an activation energy of 75.49 kJ/mol for the rate constant of k was obtained. With the isothermal model, a combined activation energy of 27.23 kJ/mol was obtained. The simulation results indicate that the isothermal model is superior to the conventional model in matching the experimental data. This means that the surface reactions during the grain growth process of the nano BaTiO 3 also play an important role.
